This study aims to examine the potential of natural clay mineral from the southern part of Saudi Arabia as an effective adsorbent material for the removal of heavy metal ions of cadmium (Cd) and nickel (Ni) from aqueous solutions. The SEM analysis showed that clay particles had mixed shapes such as elongated rod-like and rectangular shape having rough corners with larger particles of 2-8 µm in size and smaller particles in the sub-micron size range. X-ray diffraction data revealed that clay particles had a good crystalline structure and composed of a mixture of various minerals including feldspar, illite, quartz, calcite, and gypsum. The BET surface area was found to be 35 ± 1 m 2 /g and the average pore size and pore volume of 6.5 ± 0.5 nm and 5.7e-02 cc/g, respectively. The X-ray fluorescence analysis of clay showed main compounds of SiO 2 (47.33%), Al 2 O 3 (18.14%), Fe 2 O 3 (15.89%) with many others such as CaO, MgO, TiO 2 , and K 2 O in minor quantities. It was found that 1.2 g of clay removed up to 99.5% of Ni and 97.5% of Cd from 40 ppm aqueous solutions. The metal removal efficiencies were increased from around 95% up to 99% by increasing the pH of aqueous solutions from 4 to 11. The adsorption of Ni and Cd ions on Saudi clay was relatively fast, and up to 97% of ions were removed from solution within 45 min. The SEM-EDX and BET analysis for recycled clays further confirmed that the metal ions were removed from water through adsorption onto the clay. The experimental data fitted well with Langmuir and Freundlich isotherms. The maximum adsorption capacity of clay for Cd and Ni from isotherms was found to be 3.3 and 2.7 mg/g respectively. The findings of this study confirm the potential role of Saudi natural clay in wastewater treatment processes as a cheap, environment-friendly and safe natural adsorbent material.
Introduction
Pollutants and contaminants in the form of heavy metals in water, soil and underground systems present significant health risks and environmental concerns [1] . The accumulation of heavy metals such as copper (Cu), chromium (Cr), cadmium (Cd), nickel (Ni), lead (Pb), and barium (Ba) in the human body leads to serious health issues including chronic diseases and disorders [2] . Among these, Cd, Ni, and Cu are more toxic to human and animal health if their concentration in water is exceeding the allowable limits [3] . In addition, the excessive amounts of heavy metals in wastewater limit the efficiencies of biological treatment methods. Moreover, heavy metals can infiltrate into the ground water through aquifers [4] . In drinking water, the concentration of Ni and Cd should not exceed 0.015 and 0.01 mg/g, respectively [5] . Therefore, the removal of heavy metal contaminants from wastewater and drinking water is a challenge for today's engineers and scientists [6] .
There are various water and wastewater treatment methods, including reverse osmosis, precipitation, flocculation and sedimentation, distillation and vaporization, solvent extraction, and filtration, used as conventional techniques for heavy metals removal [7] [8] [9] [10] . The high cost associated with most of these methods is a limiting factor in their commercialization [11] . Adsorption has emerged as a promising solution for removing heavy metal ions in recent years, as being the simplest, economical and environment-friendly technique [7] . In addition, adsorption has become the most widely used method nowadays due to the ease of fabrication of equipment, installation and operation, and less associated costs [12, 13] .
An array of materials have been utilized as adsorbent materials to remove heavy metals from aqueous solutions [14] [15] [16] [17] [18] [19] [20] . For example, activated carbon as the adsorbent material has been used extensively for heavy metal removal [21] [22] [23] . Similarly, natural waste materials are used as adsorbent materials for heavy metal removals [24] [25] [26] . Moreover, different clay-based minerals have been used as adsorbent materials for the same purpose [27] [28] [29] . High isothermal adsorption efficiencies are reported for various clay materials in different parts of the world, including South Africa, Saudi Arabia, and the United States [4, 30] . The metal removal efficiencies of clay are examined under various conditions including clay dosage, contact time, pH, and initial metal ions concentration.
There is a strong need to explore cheaper, natural, environment-friendly and efficient adsorbent materials, especially in the developing countries such as Saudi Arabia which is located in an arid region with limited water resources. As a result, the necessity of potable water is critical and even increasing with the growing population and living standards. Moreover, there are no natural rivers and lakes, and the underground water wells are not capable of meeting the current and projected gap between water demand and supply. On average 150 mm of rain occurs every year in the country [4] . Therefore, the need for wastewater treatment is crucial to meet the water supply in the agriculture and industrial sectors. The use of indigenous natural clay as adsorbent materials has been examined earlier for treating wastewater and removing heavy metals [4, [30] [31] [32] [33] . Clay minerals from different parts of the world have been studied for their potential role as absorbent materials to remove heavy metals from wastewater shown in Table 1 . However, the reported use of natural clay as an adsorbent material from the Southern region of Saudi Arabia that is rich in clay minerals is scarce in the literature, which was the focus of this study.
This study aims to examine some naturally occurring clay minerals from the Southern part of Saudi Arabia as adsorbent materials for the removal of Cd and Ni from artificial wastewater. The effects of clay adsorbent dosage, pH, initial metals ion concentration and contact time were investigated and compared with other clay adsorbent materials for the removal of similar heavy metal ions.
Materials and methods

Collection and preparation of the clay adsorbents
The clay mineral used for this work was collected from the Southern region of Saudi and grounded into the powdered form using a mortar and pestle. The prepared clay powders were then sieved using a 125 mesh size sieve. The obtained clay powders were used without any further treatment. 
Batch adsorption experiments
With the ease of operation and the robust control of variables, adsorption experiments were performed in a batch process. In each experiment, 50 mL solutions containing 40 ppm concentration of the metal ions were placed into 50 mL conical flasks with 1 g clay and were mixed for 1 h. The contents were then filtered and the filtrate collected was analyzed by atomic absorption spectroscopy (AAS). The effects of other variables such as clay dosage, solution pH, contact time and initial concentration on adsorption efficiency were investigated. Removal efficiency in each case was calculated using Eq. (1):
where C 0 is the initial concentration of the metal ions and C e is the residual or equilibrium concentration at the end of each experiment. The adsorption capacity of the clay can be calculated using Eq. (2):
where q e is the removal capacity of the adsorbent (mg of metal/g of the clay), V is the volume of the prepared sample (liters), m is the mass of the adsorbent in grams, C 0 and C e are the initial and final metal ions concentrations, respectively.
Analytical techniques
Stock solutions of Cd and Ni metal ions were prepared by dissolving appropriate amounts of cadmium chloride hydrate (CdCl 2 ·H 2 O, Sigma-Aldrich, US) and nickel(II) nitrate hexahydrate (Ni(NO 3 ) 2 ·6H 2 O, Sigma-Aldrich) in deionized water. Diluted hydrochloric acid and sodium hydroxide were used in preparing solutions of different pH. Stock solutions of 1,000 ppm of Ni metal ions were prepared by dissolving the appropriate quantity of Ni(NO 3 ) 2 ·6H 2 O in deionized water. Appropriate quantities of stock solutions were diluted to obtain 40 ppm of the metal ions solutions. All the experiments were conducted with 40 ppm solutions except for the effect of initial metal ions concentration for which the concentration ranged from 10 to 60 ppm in steps of 10. The prepared solutions were poured into a series of 50 mL conical flasks and appropriate amounts of clay added to each. The mixture was then stirred for 2 h.
The contents were then immediately filtered, and the filtrate was analyzed using the AAS instrument (SpectrAA 220). AAS was used to measure the residue of heavy metal ions after treatment with the clay under various conditions. Standard solutions of 1, 3, 5, 7, 9, and 10 ppm were prepared for the calibration of the AAS instrument prior to the actual sample measurements. Standard solutions were prepared by dilution of the stock solutions. In each case, X amount of stock solution was pipetted into a volumetric flask (50 mL), and the dilutions were carried out according to the standard formula of C 1 V 1 = C 2 V 2 , where C 1 is the concentration before dilution (stock solution), V 1 is volume before dilution, C 2 is desired concentration and V 2 is the desired volume. Once, the instrument was calibrated, and the standard graph was obtained, the actual measurements of the heavy metal ions residual determination were carried out. For the case of Ni, the selected wavelength was 232 nm, and the slit width was 0.2 nm while for Cd, the wavelength was 228.8 nm, and the slit width was 0.5 nm. The lamp current was 4.0 mA in both cases.
X-ray diffraction (XRD) was carried out to identify the crystal structure and crystallite size of the clay. The XRD patterns were recorded in the 2q range of 5°-50° in a (Shimadzu X-600, Japan) powder diffractometer with CuKa1 radiation for structural analysis operated at 40 kV. Surface area measurements were performed using the surface analyzer.
X-ray fluorescence (XRF) analysis was performed on the ZSX Primus II (Rigaku, USA) to determine the metals content in clay samples as metal oxides. Clay samples were heated to 900°C for 8 h to convert all metals to metal oxides to avoid interaction with the platinum crucible. XRF sample was then prepared according to fusion procedure by mixing 0.3 g of the obtained metal oxides from the sample with 6.7 g of lithium borates flux (SPEX, USA). The mixture was then melted at 1,100°C using an automatic fusion system (Katanax, Canada) to make a glass disk in a platinum fusion disk mold. The elemental composition of each sample was finally analyzed using an XRF spectrometer (Rigaku, USA).
The functionality of the natural clay particles as well as recycled clay samples after adsorption with different concentrations of Ni and Cd was measured by a Nicolet iS10 attenuated total reflectance-Fourier transform infrared (FTIR) spectrometer in the range of 4,000-400 cm -1 at a spectral resolution of 4 cm -1 . The morphologies of the natural clay materials before and after adsorption of Ni and Cd ions were performed on benchtop scanning electron microscope (TM3030Plus SEM, Hitachi). Moreover, the elemental compositions and locations of different elements were obtained on SEM equipped with an energy dispersive X-ray (EDX, Oxford Instrument, Oxfordshire, UK) spectrometer.
The BET surface area analysis, pore size and pore volume of natural clay before and after adsorption studies were analyzed according to the multipoint N 2 adsorptiondesorption method at 77.3 K using Micromeritics TriStar 3000 surface analyzer (Norcross, US). The clays were degassed in an oven at 120°C under a vacuum of 10 mm Hg for 24 h to remove any moisture and/or absorbed contaminant gases on the surface of the clay particles before analysis. The N 2 adsorption isotherms (five points of relative pressure P/P 0 between 0.05 and 0.2) were used to calculate the BET surface area while the desorption isotherms were used to obtain the average pore size and total pore volume using the BJH method.
Langmuir and Freundlich isotherms
The Langmuir isotherm assumes adsorption of a monolayer on a uniform surface with a specific quantity of adsorption sites. Once a site is occupied, no lateral interactions between the sorbed molecules take place at that site [48] . The Langmuir isotherm pattern is represented by Eq. 
where q m refers to maximum adsorption capacity (mg/g), and b refers to the Langmuir constant associated with the adsorption speed. The separation factor, b, shown in Eq. (4) is used to realize the attraction strength between the clay and adsorbed metal.
Here, the R L value gives essential information about the nature of adsorption. The Freundlich isotherm model was applied to adsorption on multilayer heterogeneous surfaces with the interaction between adsorbed molecules [49] . The Freundlich isotherm is an empirical equation (Eq. (5)) that could be used to define heterogeneous systems.
where k f refers to adsorption capacity of sorbent and the value of n determines the degree of non-linearity between solution concentration and adsorption in the following manner: if n = 1, then adsorption would be linear; if n > 1, then adsorption would be a chemical process and if n < 1, then adsorption would be a physical process.
Results and discussion
Characterization of natural clay
The particle size and surface morphology features of the used clay were studied using SEM as shown in Fig. 1 . The SEM images showed that the clay sample had mixed morphology, where some larger particles exhibit irregular shape, some particles have an elongated rod-like structure and other smaller particles showing rectangular shape with rough corners. Overall, most of the particles seem to have a thin and rough structure with irregular edges. The clay sample also showed a wide range of particles sizes. The larger particles are in the range of 2-8 µm size, whereas the smaller particles are mostly in the sub-micron size range.
The XRD pattern of the clay sample is shown in Fig. 2 . The graph shows many clear, sharp peaks of different intensities, indicating the good crystalline nature of the clay sample. The XRD peaks were matched with the XRD standard database. The highest intensity peak found at 3.22 Å d-spacing corresponds to the feldspar, forming as primary minerals in clay sample studied. Another peak found at 2.04 Å d-spacing was attributed to the presence of illite in clay. Other distinctive peaks found at 2.147, 2.497, and 2.958 Å d-spacing indicate the presence of quartz, calcite and gypsum traces in the sample.
The clay sample was also characterized by BET analysis using N 2 sorption to determine its surface area, pore size and pore volume. Based on the structure of solids under analysis, the adsorption of gases and vapors gives rise to I-VI types of the isotherm. Fig. 3 shows the isotherm for the studied clay sample which exhibits isotherm type IV with H 2 -type hysteresis loop [50] . This type of pattern is typical of mesoporous materials which are associated with a capillary condensation in bottle-pore shape. The BET surface area was found to be 35 ± 1 m 2 /g and the average pore size 6.5 ± 0.5 nm of clay particles. The total pore volume, for pores with a diameter less than 133.08 nm at P/P 0 = 0.9854, was 5.690e-02 cc/g. This confirms that the clay sample exhibit a mesoporous structure as expected. The mesopore is present throughout the whole sample and form a highly interpenetrating and uniform porous network. These results are in close agreement with another published study on local bentonite clay from Jeddah, Saudi Arabia [4] . The clay was characterized and tested for its ability to adsorb Cu and Ni from wastewater. The BET surface area was reported to be 62.57 m 2 /g, pore volume (P/P 0 = 0.97) of 0.098 cm 3 /g, and average pore width of 62.7 Å. 
Effect of clay dosage
The effect of clay dosage on Ni and Cd metals removal efficiency from aqueous solutions are shown in Fig. 4 . At 0.4 g clay, Ni removal was observed to be around 94% while Cd residue was out of the AAS range for the same clay amount and only effective at 0.6 g clay for Cd. In both cases, the metal removal efficiency increased with increasing clay dosage up to 1.2 g (Fig. 4) . With clay loading between 1-1.2 g, the removal efficiency curves of both metals seem to flatten indicating that the 1.2 g clay may be considered as the optimum dosage with maximum efficiencies of 99.5% for Ni and 97.5% for Cd. Overall, the clay showed higher removal efficiency for Ni than Cd for all studied clay dosage values.
Effect of pH and contact time
The Ni and Cd metal ion solutions were prepared with concentrations of 40 ppm and pH in the range of 4-11. The metal removal efficiencies of both metals were higher in alkaline solutions than acidic solutions studied (Fig. 4) . It may be concluded that although higher removal efficiencies were observed at pH values greater than 7, the clay is capable of removing almost 98% of the heavy metals even at around neutral pH. As the pH of the solution increases, the % removal efficiency also increases. This observation is in a good agreement with the behavior observed by Al-Shihrani [31] [32] [33] . This behavior was anticipated because adsorption of heavy metal ions onto clay is significantly affected by the pH of the solution. According to various researchers, three distinct regions are observed in the heavy metal ions adsorption vs. pH graphs. Usually, region 1 is low pH region (pH range 1-4), where up to 40% of Cd ions are reported to get adsorbed followed by region 2 (pH range 4-6) where up to 90% of the Cd ions get adsorbed. The third region (6) (7) (8) (9) (10) (11) (12) , where more than 90% of Cd ions removal is observed. However, in the current work, the minimum pH range starts from around 4 and the Cd ions removal is already more than 90% which agrees with Kostin et al. [51] . The pH range in the current work begins with removal efficiencies higher than 90% at pH higher than 4. Thus, it may be assumed that since deprotonation of the mineral surface takes place at higher pH values, the clay might become negatively charged leading to electrostatic attraction between the positively charged metal ions and the negatively charged clay mineral surfaces as reported by Kostin et al. [51] . This clay is economically favorable as higher removal efficiencies can be achieved without any need for expensive pH control and adjustment.
The effect of contact time on metal removal efficiency was investigated using the optimum clay dosage of 1.2 g and neutral aqueous solutions. The samples of both Ni and Cd metals were prepared using 40 ppm contamination in 50 mL aqueous solutions. Overall the increasing metal removal efficiency was observed with increase in contact time for both systems. The removal efficiency of almost 94% was observed just after 15 min of contact time, suggesting that the active sites on the clay surface have reached close to saturation point. As the contact time increased from 15 min up to 120 min, the metal removal efficiency increased up to around 98%. However, around 97% efficiency was obtained within a short time of 60-75 min of mixing as shown in Fig. 4 , which is favorable for process economic reasons. Nevertheless, depending on the environmental legislation and health regulations, 97% removal efficiencies of these metal ions after just 1 h of mixing may be sufficient and acceptable.
Effect of initial metal ions concentration
The effect of initial metal ions concentration on removal efficiency was investigated using the obtained optimum found in decreasing range of 98%-94% for the concentration range between 10 and 60 ppm as shown in Fig. 4 .
Characterization of natural clay before and after metal adsorption studies
FTIR spectra for clay particles with and without adsorption of Ni and Cd ions are presented in Fig. 5 . It can be seen that there are three main set of peaks for all samples in the range of 600-1,200; 1,575-1,700; and 2,800-3,740 cm -1 . The board peak at 3,355 cm -1 corresponds to the multilayer water molecules in clay samples with and without adsorptions of Ni and Cd ions. This is also accompanied by a well-defined shoulder peak at 3,250 cm -1 which is possibly related to the free water molecules (bound water) on the surface of clay molecule structure. The peaks appearance at 3,585 and 3,600 cm -1 can be assigned to the Al-O-H (inter-octahedral) and Al-O-H stretching, respectively [52] . The observed weak peak at 1,640 cm -1 is attributed to the bending of water molecules (H-O-H). There are several peaks appeared at 1,115 and 985 cm -1 due to Si-O stretching while the bending of Al-Al-OH bonds is present at 915 cm -1 . Some weak peaks can be observed in the range of 600-780 cm -1 due to Si-OAl bending, Si-O Stretching, Si-O-Si bending and Si-O bonds [52, 53] . Nevertheless, there is no significant change in the FTIR peaks position or new peaks emerged due to the adsorption of metals ions as expected.
The elemental compositions and mapping of different elements in natural clay sample before and after adsorption of Cd and Ni ions were studied on SEM/ EDX (Fig. 6) . These images show a nice distribution of different elements in different colors with some indication of their concentrations. The common elements found in all natural clay samples before and after adsorption are O, Si, Na, Al, Ca, Ti, Fe, Mg, K. The Cd element represented by green color can be clearly seen from the natural clay used for the adsorption of Cd ions (Fig. 6b) . Similarly, Ni element is also shown in red color from the clay sample after Ni adsorption study (Fig. 6c) . This further proves that the Cd and Ni ions were successfully adsorbed onto the natural clay material. It is interesting to note that both mapping images show abundant and even distribution of Cd or Ni elements that further confirms natural clay is a good material for adsorption of metal ions.
The BET surface area, average pore size, and total pore volume were analyzed for the natural clay sample before and after adsorption with Cd and Ni ions as a comparative study (Fig. 7) . Table 3 adsorbed onto the natural clay, resulting in the overall reduction of BET surface area, pore size and volume. Note that the new values are slightly lower than the first set of data for only natural clay sample without adsorption as given above. However, this difference is within allowable surface area measurement errors.
Experimental data fitted into Langmuir and Freundlich isotherm models
The experimental data found in this study were fitted into the Langmuir isotherm model to estimate the maximum adsorption capacity of Saudi natural clay for Ni and Cd metals. Linear plots of C e /q e vs. C e (Fig. 8) indicate the applicability of the Langmuir isotherm model. Values of q m and b were determined graphically from the gradients and intercepts, respectively, and are shown in Table 4 . The Langmuir isotherm is classified as an irreversible process when R L = 0, a favorable process when 0 < R L < 1, linear process when R L = 1, or unfavorable process when R L > 1. The R L values for all initial concentrations were found in between 0 and 1 (Table 4) , which indicate that adsorption of both Ni and Cd ions on the natural clay was a favorable process.
The experimental data were also fitted into the Freundlich isotherm model. The graphs constructed for ln q e against ln C e showed a linear trend (Fig. 9 ) that indicates the applicability of the Freundlich model. The adsorption capacity (K f ) can be estimated from intercept and adsorption intensity (n) from the slope of this graph. As shown in Table 4 , the n value for Cd(II) > 1 indicating favorable adsorption. However, the n value for Ni(II) is < 1 that indicates unfavorable adsorption on the natural clay investigated which is also confirmed by the low value of adsorption capacity. The maximum adsorption capacity (q m ) for Cd ions removal was 3.31 mg/g clay calculated from the Langmuir isotherms. This is in good agreement with the work of Bedoui et al. [54] who used pure smectite and reported a maximum adsorption capacity of 3.87 mg/g clay. As for the Ni ions removal, a q m value of 2.7 mg/g clay was observed in this study, which is similar to the 7.1 mg/g reported by Gupta and Bhattacharyya [55] for kaolinite and 2.236 mg/g for sepiolite [56] . For the adsorption of metal ions onto clay, two possible mechanisms are reported in the literature which includes the ion exchange and the formation of complexes with hydroxyl groups on the clay surface. In the low pH range, the ion exchange process predominates while the formation of complexes usually occurs in the higher pH range [51] .
Conclusions
In this work, Saudi natural clay has been utilized as an efficient (removal efficiency of above 90%), cheap, environment-friendly and natural adsorbent material for the removal of Cd and Ni metal ions from artificial wastewater. The clay retained substantial amounts of both metals, Cd, and Ni readily, but it showed a higher affinity for the Cd metal ions. This clay inherently possesses certain characteristics that make it suitable for wastewater treatment. These include: (1) economy -this material is very cheap. The only cost of this material would be for the extraction, transportation, crushing, and grinding. It does not require any modification or alteration, (2) availability -this material is abundantly available in the region, (3) effectiveness -it is capable of removing Cd as well as Ni. This clay might be suitable for removing other heavy metals and pollutants that require further research. 
